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Abstract Plants subjected to increases in the supply of 
resource(s) limiting growth may allocate more of those 
resources to existing leaves, increasing photosynthetic 
capacity, and/or to production of more leaves, increas- 
ing whole-plant photosynthesis. The responses of three 
populations of the alpine willow, Salix glauca, growing 
along an alpine topographic sequence representing a 
gradient in soil moisture and organic matter, and thus 
potential N supply, to N amendments, were measured 
over two growing seasons, to elucidate patterns of leaf 
versus shoot photosynthetic responses. Leaf-(foliar N, 
photosynthesis rates, photosynthetic N-use efficiency) 
and shoot-(leaf area per shoot, number of leaves per 
shoot, stem weight, N resorption efficiency) level mea- 
surements were made to examine the spatial and tempo- 
ral variation in these potential responses to increased N 
availability. The predominant response of the willows to 
N fertilization was at the shoot-level, by production of 
greater leaf area per shoot. Greater leaf area occurred 
due to production of larger leaves in both years of the 
experiment and to production of more leaves during the 
second year of fertilization treatment. Significant leaf- 
level photosynthetic response occurred only during the 
first year of treatment, and only in the dry meadow pop- 
ulation. Variation in photosynthesis rates was related 
more to variation in stomatal conductance than to fo- 
liar N concentration. Stomatal conductance in turn was 
significantly related to N fertilization. Differences 
among the populations in photosynthesis, foliar N, leaf 
production, and responses to N fertilization indicate N 
availability may be lowest in the dry meadow popula- 
tion, and highest in the ridge population. This result is 
contrary to the hypothesis that a gradient of plant avail- 
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Introduction 
In order to translate an increase in the supply of limiting 
resources into increased growth and reproduction, 
plants must be able to acquire the resources and allo- 
cate them to the processes limiting growth, principally 
photosynthesis. Several factors influence the capacity of 
plants to respond to variation in soil nutrient supply 
and successfully compete with other plants and soil mi- 
croorganisms for those resources. These include the 
ability of the plant to sequester soil nutrients, by in- 
creasing root growth and/or by increasing the kinetics 
of root nutrient uptake (Clarkson 1985), and develop- 
mental imitations, which control the degree to which 
increased growth can occur. 
Whole-plant photosynthesis and growth may be in- 
creased by both greater photosynthetic capacity at the 
leaf level and production of more photosynthetic ssue. 
Photosynthetic capacity of a leaf can be increased by 
increased allocation of N to the photosynthetic appara- 
tus (Field and Mooney 1986; Evans 1989). Foliar N con- 
centrations may be regulated such that photosynthetic 
carbon gain is optimal under different combinations of 
temperature, water availability, light availability, and 
the partial pressure of CO2 (Mooney and Gulmon 1979; 
Field 1983; Hilbert et al. 1991; Gleeson 1993). High 
light environments and abundant water availability 
should favor higher photosynthetic capacities and 
growth rates and therefore higher leaf N concentration. 
However, other ecological factors may be important in 
determining optimal allocation of N to leaves and thus 
plant response to increased soil nutrient availability. 
The benefits accrued from higher photosynthetic capac- 
ity due to increases in leaf N may be offset by increases 
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in herbivory (Mooney and Gulmon 1982), since leaf N is 
also an important determinant of forage quality for her- 
bivores (Mattson 1981). Some plant secondary com- 
pounds used to deter herbivores contain N, and repre- 
sent a plant pool which competes with photosynthesis 
for available N (Coley et al. 1985; Mooney and Gulmon 
1982). 
Production of more photosynthetic tissue of the same 
quality (~leaf N concentration) may increase whole- 
plant photosynthesis, but also increases elf shading. 
The relative growth rates of plants have been shown to 
correlate more strongly with biomass allocation to 
leaves than with increasing photosynthesis rates on a 
leaf area basis (Poorter 1989). Increases in leaf produc- 
tion may be limited in perennial plants by the number of 
preformed primordia in buds, which is often determined 
during the previous growing season (Kozlowski 1964; 
Kramer and Kozlowski 1979). There may be additional 
constraints on the responses of plants to increased nu- 
trients associated with climate. Patterns of plant growth 
in alpine ecosystems may reflect the limitations by the 
relatively harsh environment, including low air and soil 
temperatures, high winds, and periodic drought, all of 
which may promote a slow growth strategy and small 
size for alpine tundra plants (K6rner and Larcher 1988). 
N availability exerts a strong constraint on alpine 
plant growth (Bowman et al. 1993). Gradients of re- 
source availability and primary production exist across 
relatively short topographic gradients in alpine tundra, 
as a result of the interaction between slope exposure and 
wind (Billings 1988). Differences in snow accumulation, 
wind velocities, and solar insolation result in differences 
in soil moisture, soil nutrient pools, and length of the 
growing season (May and Webber 1982; Isard and Beld- 
ing 1989; Bowman 1992), which subsequently affect 
plant production (May and Webber 1982; Bowman et 
al. 1993; Walker et al. 1994). Thus variation in the envi- 
ronmental factors that may regulate leaf N concentra- 
tion, photosynthesis, and responsiveness to N fertiliza- 
tion exist across topographic gradients in alpine tundra. 
The goal of this research was to examine the patterns of 
response to N fertilization in populations of the alpine 
willow Salix glauca L., an erect deciduous hrub. Salix 
glauca has a well defined shoot structure, and occurs in 
several distinct environments in alpine tundra, making 
it a suitable choice for the study of photosynthetic and 
shoot growth responses to N fertilization. 
Materials and methods 
The study was carried out on Niwot Ridge in the Front Range of 
the Colorado Rocky Mountains (40 ~ 03' N, 105 ~ 35' W). The site 
is managed cooperatively by the University of Colorado Moun- 
tain Research Station and the U.S. Forest Service as an ecological 
reserve, and is the site of the Niwot Ridge Long-Term Ecological 
Research program. The vegetation at the site is characteristic of 
alpine tundra of the southern Rocky Mountains. Climatic mea- 
surements are made on site by the Mountain Research Station. 
Air temperature is measured continuously using thermistors 
(_+0.5 ~ C), and precipitation is measured with a Fergusson type 
weighing rain gauge (_+0.5 mm). 
Three populations of S. gIauca located within 250 m of each 
other along a topographic gradient from 3520 m to 3550 m eleva- 
tion were selected for study: 1) a wet meadow population with 
vegetation co-dominated bythe shrubs S. planifolia, S. glauca, and 
the forb AcomastyIis rossii, 2) a dry meadow population with veg- 
etation dominated by graminoids, principally Kobresia 
myosuroides, and 3) a ridge population, with vegetation dominat- 
ed by sparse, prostrate shrubs including Silene acaulis. These pop- 
ulations represent gradients of soil moisture, community primary 
production, soil organic matter, and wind exposure, with the 
highest soil moisture, production, and soil organic matter in the 
wet meadow population (May and Webber 1982; Burns 1980). 
The ridge population has the highest wind velocities, and lowest 
community production, soil organic matter, and soil moisture. 
Although snow cover differs among the populations, with the 
highest in the wet meadow population and the lowest in the ridge 
population, phenologies ofthe populations are the same, and thus 
leaf longevity does not differ among the populations. 
Five S. glauca shrubs in each of the populations were fertilized 
with N in early June, prior to bud break, in both 1990 and 1991 
using slow-release urea-N (40-04)) osmocote pellets (Sierra 
Chemical, Milpitas CA, USA). The fertilizer pellets were applied 
at 125 g m -2 for each treatment shrub. Sample pellets were col- 
lected at the end of the growing season from each population, and 
along with unused pellets, were weighed and analyzed for N con- 
centration, toestimate soil N inputs. The range for N input in all 
populations during both years was 23 to 27 g m 2 year 1, with no 
significant differences among populations. This application rate 
provided an excess of soil N availability in a previous tudy in 
alpine tundra (Bowman et al. 1993). Five adjacent S.glauca shrubs 
upslope from the treatment shrubs were chosen to serve as con- 
trols. 
Shoot photosynthesis measurements were made within 2 
weeks after full leaf expansion, in mid-July of 1990 and 1991. Net 
CO 2 uptake and stomatal conductance were measured on three 
non-reproductive shoots from each of the treatment and control 
shrubs using a Li-Cor LI-6200 gas exchange system (Lincoln NE, 
USA). Measurements were made on shoots with 2 or 3 leaves in 
full sun (1800 to 2200 gmol photons m -2 s -1 photosynthetically 
active radiation) between 1000 and 1300 hours MDT. Leaf tem- 
peratures ranged from 15 to 20 ~ C. The leaves measured for pho- 
tosynthesis were harvested and analyzed for N using a Lachat 
colorimetric analyzer (Mequon WI, USA) as described in Bow- 
man et al. (1993). Leaf N concentrations were also measured fol- 
lowing leaf senescence in October, 1991, for calculation of nitro- 
gen-use fficiencies (below). Resorption efficiency of N from leaves 
was calculated as: 
(peak season leaf N-senescent leaf N / peak season leaf 
N) • 100 (%) 
Shoot production was measured in late-July of 1990 and 1991. 
Five representative shoots from each of the willows were harvest- 
ed, and the leaves and current years' stem were separated. Leaf 
number and area for each shoot were recorded, and leaves and 
stems were weighed after oven drying at 70 ~ C for 48 hours. 
Nitrogen-use fficiency (NUE) for shoots, an indication of 
shoot production for a given investment of "new" N per year 
(Vitousek 1982), was calculated as the sum of the stem and leaf 
production divided by senescent leaf N concentration. Since leaf 
longevity does not differ among the populations this index of 
NUE is similar to the one presented by Berendse and Aerts (1987). 
Photosynthetic N-use efficiency (PNUE) was calculated as the 
photosynthetic rate divided by leaf nitrogen concentration  a 
leaf area basis.(mol m-2). 
The data were analyzed statistically using two-way Model I 
analyses of variance after testing for normality of the data set. The 
biomass data were log transformed to normalize their distribu- 
tions. The N treatment and population were treated as class vari- 
ables. Tukey's multiple-range t st was used when a significant 
ANOVA result occurred to determine significant differences 
among means within a year. Unless otherwise noted statistically 
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Fig. 1 Daily maximum and minimum temperatures, and daily 
precipitation during the 1990 and 1991 growing seasons (Jun~ 
September) at the Saddle research site, 3530 m, Niwot Ridge, 
Colorado, USA 
Results 
Maximum air temperatures during the growing seasons 
(mid-June to late August for S. glauca) of 1990 and 1991 
ranged from 5 to 22 ~ C, while minimum air tempera- 
tures ranged from -2  to 9 ~ C (Fig. 1). Precipitation was 
highest in July of both years, with greater seasonal rain- 
fall in 1990. However there was a relatively warm, dry 
2-week period in late June of 1990, when no precipita- 
tion fell and maximum air temperatures were 18 to 22 ~ 
C. To assess whether there were differences in soil water 
availability in the rooting zones of the shrubs during 
this period, dawn xylem pressure potentials were mea- 
sured for all the shrubs on July 3, 1990, using a pressure 
chamber. The wet meadow population had significantly 
higher mean water potential (-0.42__0.3 MPa, n = 10, 
P<0.05,  ANOVA) than the other populations 
(-0.60_+0.2 and -0 .59+0.3  MPa for the dry meadow 
and ridge populations respectively), indicating higher 
soil water availability in the wet meadow population, 
presumably the result of greater inputs of moisture from 
snowmelt from an adjacent snowfield. While these dif- 
ferences in soil moisture of the rooting zones are rela- 
tively small, there may have been greater differences in 
soil moisture in surface layers, potentially influencing N
mineralization rates. 
There were significant treatment (P < 0.001) and pop- 
ulation (P<0.001) effects on photosynthesis rates in 
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Table 1 Photosynthesis rates of S. glauca plants, both N fertilized 
and control, from 3 populations measured within 2 weeks after 
full leaf expansion i 1990 and 1991. Rates are means _+ s.e. (n = 5). 
Letters denote homogeneous means within a given year, as deter- 
mined by a Tukey's multiple range test 
photosynthesis rate (~tmol m 2 s-a) 
population / treatment 1990 1991 
wet meadow / control 8.6_+0.4 a 10.2_+0.5 
wet meadow / fertilized 9.1_+0.5 a 10.3-+0.3 
dry meadow / control 9.3 + 0.8" 10.2 • 0.8 
dry meadow / fertilized 13.3-+0.3 ~ 10.9-+0.4 
ridge / control 10.8 _+ 0.5 ab 10.8 _+ 0.7 
ridge / fertilized 11.4 -+ 0.6 bc 11.7 _+ 1.2 
Table 2 Concentrations of foliar N in S. glauca plants, both N 
fertilized and control, from 3 populations from leaves collected 
within 2 weeks of full leaf expansion in 1990 and 1991. Concentra- 
tions are means-+ s.e. (n = 5). Letters denote homogeneous means 
within a given year, as determined by a Tukey's multiple range 
test. Foliar N concentrations in N fertilized plants were signifi- 
cantly higher than control plants in 1991 when the populations 
were analyzed together 
Foliar N concentration (%) 
population / treatment 1990 1991 
wet meadow / control 3.05 _+ 0.05 b 3.06 + 0.08 
wet meadow / fertilized 2.73 -+ 0.06 ab 3.30 + 0.10 
dry meadow / control 2.53 _+ 0.23 a 2.96 _+ 0.10 
dry meadow / fertilized 2.91 _+0.11 b 3.14_+0.11 
ridge / control 3.13 • b 3.14_+0.11 
ridge / fertilized 2.73_+0.06 ab 3.19_+0.05 
1990 (Table 1). The N treatment effect was significant 
only in the dry meadow population (popula- 
tion x treatment interaction P < 0.01), where photosyn- 
thetic rates were 40% greater in N fertilized shrubs than 
in control shrubs. Photosynthesis rates were lower in 
the wet meadow population relative to the dry meadow 
and ridge populations in 1990. There were no significant 
treatment or population effects on photosynthesis rates 
in 1991. 
Foliar N was significantly related to population 
(P<0.01), but not to the N treatment in 1990 (Table 2). 
There was however a significant treatment x population 
interaction, with higher foliar N concentrations in N 
fertilized shrubs in the dry meadow population. The 
ridge population had a higher mean N concentration 
than the dry meadow population in 1990. In 1991 there 
was a significant N treatment effect at the P--0.05 level, 
with higher foliar N concentrations in the N fertilized 
shrubs (3.21 versus 3.05% for the combined popula- 
tions). There were no differences among populations in 
foliar N concentrations in 1991. 
Leaf area and leaf dry weight per shoot were both 
significantly related to N treatment and population in 
both 1990 and 1991 (Fig. 2a and b). Fertilization with N 
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Table 3 Photosynthetic N-use efficiencies (PNUE) of S. glauca 
plants, both N fertilized and control, from 3 populations, calcula- 
ted from photosynthesis and foliar N measured within 2 weeks 
after full leaf expansion in 1990 and 1991 (tables 1 and 2). Values 
are means_% s.c. (n = 5). Letters denote homogeneous means within 
a given year, as determined by a Tukey's multiple range test 
PNUE (pmol CO2 mol 1 N sec 1) 
population / treatment 1990 1991 
wet meadow / control 29.6_ 1.1 a 35.1 _+ 1.6 
wet meadow / fertilized 35.4 + 2.6 ab 34.1 _+ 1.5 
dry meadow / control 39.0 + 1.9 b 32.6___ 4.0 
dry meadow / fertilized 48.5_+3.0 c 40.8+4.3 
ridge / control 36.2 _ 1.6 "b 35.3 _+ 1.6 
ridge / fertilized 38.9_2.3 b 43.9_+5.2 
shoot. Both these parameters were higher in the ridge 
population in 1990, while in 1991 the ridge population 
had higher leaf area and leaf dry weight per shoot rela- 
tive to the wet meadow population only. N fertilization 
resulted in a greater numbers of leaves produced per 
shoot in 1991 (P<0.001, Fig. 2c) but not in 1990. Popu- 
lation and N treatment had similar influences on stem 
dry weight as on leaf area and leaf dry weight per shoot, 
with higher stem mass in the N treated plants and in the 
ridge population (Fig. 2d). 
Specific leaf area (cm 2 g i leaf dry weight), an indica- 
tor of leaf thickness, did not vary significantly among 
the populations nor with N fertilization in 1990. In 1991 
N fertilization resulted in a 13% decrease in specific leaf 
area for the populations analyzed collectively (P < 0.01), 
but there were no differences among the populations 
nor in the response of the populations to N fertilization 















Fig. 3a, b Response of N-use efficiency (NUE) and N resorption 
efficiency to N fertilization in 3 alpine field populations of Salix 
glauea during the 1991 growing season. Bars are means + 1 s.c. 
(n=5 shrubs within each treatment per population). Asterisks 
indicate significantly (P<0.001) lower NUE and N resorption 
efficiency in the ridge population than in the other two popula- 
tions 
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Both N treatment and population had significant 
effects on PNUE in 1990 (Table 3). PNUE was higher 
in the N fertilized plants (P<0.01), and lower in the 
wet meadow plants relative to the other populations 
(P<0.001). The N treatment effect was significant for 
PNUE of the wet and dry meadow populations, but not 
for the ridge population. Population and the N treat- 
ment were not significant sources of variation for 
PNUE in 1991. NUE was significantly lower in the 
ridge population in 1991 (P<0.001 Fig. 3a)principally 
the result of lower N resorption efficiency during senes- 
cence (P <0.001, Fig. 3b). The nitrogen treatment had 
no effect on N resorption efficiency or on senescent leaf 
N concentration. 
Discussion 
The temporal patterns of leaf- and shoot-level responses 
to N fertilization in Salix glauca were similar to the 
hypothesized patterns expected for a species with prede- 
termined numbers of leaf primordia. During the first 
year the expected response was primarily at the leaf-lev- 
el (photosynthesis and fo!iar N), while during the second 
year the main response was expected at the shoot level 
(leaf area and number of leaves). At the leaf-level, photo- 
synthesis responded to the N treatment in 1990, princi- 
pally in the dry meadow population, in concert with an 
increase in foliar N in this population. Increases in leaf 
N and photosynthetic capacity are common responses 
to N fertilization (e.g. Field et al. 1983; Lajtha and Whit- 
ford 1989), and has been reported in other, but not all 
alpine species examined (Bowman et al. 1993). 
The response to N fertilization during the first year 
was not limited to leaf-level responses. Leaf area per 
shoot increased in response to fertilization in 1990 with- 
out an increase in the number of leaves per shoot, and 
thus resulted from production of larger leaves. This is 
consistent with the hypothesis that alpine plant re- 
sponse to increased resource availability is in part 
linked to a limitation of available leaf primordia. How- 
ever this constraint does not entirely limit the capacity 
of the plant to increase photosynthetic area during the 
current growing season, since plants responded to in- 
creased N availability by producing larger leaves. In 
general alpine plants are thought o be under strong 
developmental control, with size of organs determined 
by cell number, rather than cell size (K6rner and 
Menendez-Riedl 1989). During 1990 the increase in leaf 
area per shoot may have resulted in a 14 to 33% in- 
crease in whole plant photosynthesis, excluding changes 
in leaf photosynthetic capacity and self-shading. 
During the second year of sustained fertilization 
plant response was primarily, but not exclusively, at the 
shoot-level. Greater leaf area per shoot resulted from 
greater numbers of leaves per shoot, and production of 
leaves with greater area. Without changes in photosyn- 
thetic capacity or self-shading, whole canopy photosyn- 
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Fig. 4a, b Correlations between photosynthesis rates and a leaf 
N, and b stomatal conductance, for S. glauca shrubs on Niwot 
Ridge, CO, USA. Data are from control and N treated shrubs 
measured uring 2 growing seasons 
greater leaf area. While leaf N concentrations increased 
significantly in response to N fertilization, photosynthe- 
sis rates did not. Thus the predominant plant response 
to N fertilization in both treatment years was an in- 
crease in photosynthetic area, rather than production of 
higher quality leaves with higher photosynthetic capac- 
ities. This is consistent with potential growth rate vary- 
ing more as a function of biomass allocation to leaves 
than with photosynthesis rates (Poorter 1989). 
Photosynthetic nitrogen-use fficiency responded 
positively to N fertilization in 1990. This result is unex- 
pected, since plants typically respond to N fertilization 
with luxury uptake, i.e. allocating and increased propor- 
tion of foliar N to storage (Chapin 1980), and a higher 
proportion of leaf N in inorganic form (Freijsen and 
Veen 1989), resulting in a decrease in PNUE. Thus pho- 
tosynthesis rates increased more than can be explained 
by the increase in foliar N under N enriched conditions. 
While photosynthesis was positively correlated with leaf 
N (r2=0.12, P<0.01, 1990 and 1991 data combined, 
Fig. 4a) there was a stronger correlation with stomatal 
conductance (r 2 = 0.37, P < 0.001, Fig. 4b). Specific leaf 
area also responded to N fertilization in 1991, and has 
been shown to influence photosynthesis and growth 
rate (Dijkstra 1989; Fichtner and Schulze 1992). How- 
ever there was no correlation between photosynthesis 
and specific leaf area. Stomatal conductance was signifi- 
cantly affected by the N fertilization treatment in both 
years of the experiment (ANOVA, P<0.001, F = 8.64, 
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df= 1 in 1990, P<0.05, F= 5.33, df= 1 in 1991), suggest- 
ing that soil N status has a direct effect on stomatal 
conductance and thus photosynthesis, ndependent of 
an effect on leaf N concentration. Such a link has been 
described by Radin et al. (1982) and Chapin (1991), and 
is thought o be mediated by hormonal signals from 
roots to leaves. Higher transpiration rates, and thus 
higher soil water use would result from higher stomatal 
conductance, potentially increasing capture of N (Eis- 
senstadt and Caldwell 1988). This response would be 
advantageous in exploiting pulses of soil nutrient supply 
in a competitive, nutrient-limited system with periodic 
soil droughts, such as alpine tundra. 
Growth-based NUE (i.e. based on investment ofN to 
shoot production) typically decreases with an increase 
in N supply, as a consequence of lower PNUE and N 
resorption efficiency (Birk and Vitousek 1986; Lajtha 
and Klein 1988; Aerts and DeCaluwe 1989). PNUE and 
NUE were not influenced by N fertilization in S. glauca 
during 1991, indicating proportional llocation of foliar 
N to storage and photosynthesis during the growing 
season, and the same N resorption efficiency in both 
fertilized and control shrubs. Resorption efficiency ap- 
pears to be independent of nutrient status of the plant 
and soil (Chapin and Kedrowski 1983; Lajtha 1987; 
Chapin and Shaver 1989), and is instead related more to 
leaf longevity and source-sink relationships (Chapin 
and Kedrowski 1983; del Arco et al. 1991; Chapin and 
Moilanen 1991). N resorption efficiency in S. glauca 
however did not correlate with longevity, which is the 
same in all populations, nor with the ratio of leaf dry 
weight to stem dry weight; an indicator of the source- 
sink relation. 
The response to N fertilization among the popula- 
tions was most pronounced in the dry meadow popula- 
tion (significantly greater changes in photosynthesis, fo-
liar N, stem dry weight). If background soil N supply 
were the principle factor determining the magnitude of 
the response to N fertilization, then the greatest re- 
sponse was expected in the ridge population, which has 
the driest soils and lowest soil organic matter (lowest N 
reservoir). An intermediate r sponse to N fertilization 
was expected in the dry meadow population, and the 
lowest response in the wet meadow population, which 
has the wettest soils, highest soil organic matter content, 
and potentially receives a considerable amount of N 
during snowmelt (Burns 1980; Bowman 1992). Alterna- 
tively the greatest response might have been expected 
from the population in the most nutrient rich site and 
the lowest in the most nutrient poor, given the hypo- 
thetical constraints imposed by a conservative nutrient- 
use strategy of plants in nutrient poor soils (Chapin 
1980). 
There were significant differences among the popula- 
tions in photosynthesis rates, stem dry weight, leaf area 
per shoot, and NUE. Variations in these parameters did 
not follow the known snow, soil moisture, and soil or- 
ganic matter gradients and proposed N availability gra- 
dient. The ridge population had higher foliar N concen- 
trations and photosynthesis rates in 1990, higher leaf 
area per shoot in both years, and lower NUE in 1991. 
These results are suggestive of higher N supply to the 
ridge population, assuming there is genetic homogenei- 
ty among the populations for characters egulating the 
response to increased N supply. Greater stem mass 
would provide greater mechanical strength to shrubs of 
the ridge population, which are exposed to higher wind 
velocities than the other populations, particularly in the 
winter when snow cover on the ridge tops is minimal 
( < 0.2 m). Competition for nutrients hould be lower in 
the fellfield tundra surrounding the willows in the ridge 
population, since both above- and belowground 
biomasses are lower than the other populations (May 
and Webber 1982). Dry deposition of N, which makes 
up at least half of bulk N deposition on Niwot Ridge 
(Sievering et al. 1992), may be higher in the ridge popu- 
lation as a result of higher wind velocities. Thus, al- 
though potential N supply to plants from the soil organ- 
ic pool is higher in the wet meadow population, actual 
supply to plants may be higher in the ridge population, 
as a result of lower competition and higher deposition. 
In summary, S. glauca responded to an increase in N 
availability primarily at the shoot-level, by increasing 
leaf area per shoot, rather than by increasing leaf photo- 
synthetic apacity. The response varied according to 
population, with significant leaf-level photosynthetic re-
sponses occurring only in the dry meadow population, 
and only during the first year of treatment. Stomatal 
conductance increased in response to the N fertilization 
treatment, potentially increasing capture of soil N, and 
resulted in an increase in PNUE during the first year of 
fertilization. Growth-based NUE, however, was not re- 
lated to the N fertilization treatment, but instead varied 
more according to population, with the lowest NUE 
and N resorption efficiency in the ridge population. This 
result, along with the patterns of variation in foliar N, 
photosynthesis, and leaf production among the popula- 
tions, indicate N supply along the topographic/snow 
gradient does not necessarily follow a soil moisture or 
organic matter gradient. 
Acknowledgements Field assistance was provided by James 
Schardt, and Terry Theodose. Comments and suggestions provid- 
ed by Russ Monson, Pam Diggle, Jason Jaeger and Tim Seastedt 
and two anonymous reviewers helped strengthen this manuscript. 
Financial support for the research was provided by NSF grant 
BSR-90011658 to the Niwot Ridge LTER program and the 
University of Colorado Council for Research and Creative Work. 
Logistical support was provided by the Mountain Research 
Station, which acknowledges NSF grant DIR-8912249 for sup- 
port of its facilities. 
References 
Aerts R, DeCaluwe H (1989) Aboveground productivity and nu- 
trient urnover of Molinia caerulea long an experimental gra- 
dient of nutrient availability. Oikos 54:320-324 
Arco JM del, Escudero A, Garrido MV (1991) Effects of site char- 
acteristics on nitrogen retranslocation from senescing leaves 
Ecology 72:701-708 
99 
Berendse F, Aerts R (1987) Nitrogen-use efficiency: a biologically 
meaningful definition? Funct Ecol 1:293-296 
Billings WD (1988) Alpine vegetation. In: Barbour MG and 
Billings WD (eds.) North American Terrestrial Vegetation. 
Cambridge University Press, Cambridge, pp 391-420 
Birk EM, Vitousek PM (1986) Nitrogen availability and nitrogen 
use efficiency in loblolly pine stands. Ecology 67:69-79 
Bowman WD (1992) Inputs and storage of nitrogen in winter 
snowpack in an alpine ecosystem. Arct Alp Res 24:211-215 
Bowman WD, Theodose TA, Schardt JC, Conant RT (1993) Con- 
straints of nutrient availability on primary production in two 
alpine tundra communities. Ecology 74:2085-2097 
Burns SF (1980) Alpine soil distribution and development, Indian 
Peaks, Colorado, Front Range. PhD dissertation, University 
of Colorado, Boulder, USA 
Chapin FS III (1980) The mineral nutrition of wild plants. Ann 
Rev Ecol Syst 11 : 233-260 
Chapin FS III (1991) Integrated responses of plants to stress. 
BioScience 41:29-36 
Chapin FS III, Kedrowski RA (1983) Seasonal changes in nitro- 
gen and phosphorus fractions and autumn retranslocation in 
evergreen and deciduous taiga trees. Ecology 64:376-391 
Chapin FS III, Moilanen L (1991) Nutritional controls over nitro- 
gen and phosphorus resorption from Alaskan birch leaves. 
Ecology 72:709 715 
Chapin FS III, Shaver GR (1989) Differences in growth and nutri- 
ent use among arctic growth forms. Funct Ecol 3:73-80 
Clarkson DT (1985) Factors affecting mineral nutrient acquisition 
by plants. Ann Rev Plant Phys 36:77-115 
Coley PD, Bryant JP, Chapin FS III (1985) Resource availability 
and plant antiherbivore defense. Science 230:895-899 
Dijkstra P (1990) Cause and effect of differences in specific leaf 
area. In: Lambers H, Cambridge ML, Konings H, Pons TL 
(eds) Causes and Consequences of Variation in Growth Rate 
and Productivity of Higher Plants, SPB Academic Publishing, 
The Hague, pp 125 140 
Eissenstadt DM, Caldwell MM (1988) Competitive ability is 
linked to rates of water extraction. A field study of two arid- 
land tussock grasses. Oecologia 75:1 7 
Evans JR (1989) Photosynthesis and nitrogen relationships in 
leaves of C3 plants. Oecologia 78:9-19 
Fichtner K, Schulze E-D (1992) The effect of nitrogen utrition on 
growth and biomass partitioning of annual plants originating 
from habitats of different nitrogen availability. Oecologia 
92:236-241 
Field C (1983) Allocating leaf nitrogen for the maximization of 
carbon gain: leaf age as a control on the allocation program. 
Oecologia 56: 341-347 
Field C, Mooney HA (1986) The photosynthesis-nitrogen rela- 
tionship in wild plants. In: Givinish TJ (ed) On the Economy 
of Form and Function. Cambridge University Press, Cam- 
bridge, pp 25-55 
Field CJ, Merino J, Mooney HA (1983) Compromises between 
water-use fficiency and nitrogen-use efficiency in five species 
of California evergreens. Oecologia 60:384-389 
Freijsen AHJ, Veen BW (1989) Phenotypic variation in growth as 
affected by nitrogen supply: nitrogen productivity. In: Lam- 
bers H, Cambridge ML, Konings H, Pons TL (eds) Variation 
in Growth Rate and Productivity of Higher Plant. SPB Aca- 
demic Publishing, The Hague, pp 19-33 
Gleeson SK (1993) Optimization of tissue nitrogen and root-shoot 
allocation. Ann Bot 71:23-31 
Hilbert DW, Larigauderie A, Reynolds JF (1991) The influence of 
carbon dioxide and daily photon-flux density on optimal eaf 
nitrogen concentration and root: shoot ratio. Ann Bot 
68: 365-376 
Isard SA, Belding MJ (1989) Evapotranspiration from the alpine 
tundra of Colorado, USA Arct Alp Res 21:71-82 
K6rner Ch, Larcher W (1988) Plant life in cold climates. In: Long 
SP, Woodward FI (eds) Plants and Temperature. The Compa- 
ny of Biologists, Cambridge, pp 25-57 
K6rner Ch, Menendez-Ricdl SP (1989) The significance of devel- 
opmental aspects in plant growth analysis. In: Lambers H, 
Cambridge ML, Konings H, Pons TL (eds) Variation in 
Growth Rate and Productivity of Higher Plant. SPB Aca- 
demic Publishing, The Hague, pp 141-157 
Kozlowski TT (1964) Shoot growth in woody plants. Bot Rev 
30:335-392 
Kramer PJ, Kozlowski TT (1979) Physiology of Woody Plants. 
Academic Press, New York 
Lajtha K (1987) Nutrient resorption efficiency and the response to 
phosphorus fertilization in the shrub Larrea tridentata (DC) 
Coy. Biogeochem 4:265-276 
Lajtha K, Klein M (1988) The effect of varying nitrogen and phos- 
phorus availability on nutrient use by Larrea tridentata, a 
desert evergreen shrub. Oecologia 75:348-353 
Lajtha K, Whitford WG (1989) The effect of water and nitrogen 
amendments on photosynthesis, leaf demography, and re- 
source-use fficiency in Larrea tridentata, a desert evergreen 
shrub. Oecologia 80:341 348 
Mattson WJ Jr (1980) Herbivory in relation to plant nitrogen 
content. Ann Rev Ecol Syst 11:119-161 
May DE, Webber PJ (1982) Spatial and temporal variation of 
vegetation and its productivity on Niwot Ridge, Colorado. In: 
Halfpenny J (ed) Ecological Studies in the Colorado alpine, a 
festschrift for John W. Marr. Occasional paper no. 37, Institute 
of Arctic and Alpine Research, University of Colorado, Boul- 
der, pp 35-62 
Moouey HA, Gulmon SL (1979) Environmental nd evolutionary 
constraints on the photosynthetic characteristics of higher 
plants. In: Solbrig OT, Jain S, Johnson GB, Raven PH (eds) 
Topics in Plant Population Biology. Columbia University 
Press, New York, pp 316-337 
Mooney HA, Gulmon SL (1982) Constraints on leaf structure and 
function in reference to herbivory. BioSci 32:198-206 
Poorter H (1989) Interspecific variation in relative growth rate: on 
ecological causes and physiological consequences. In: Lam- 
bers H, Cambridge ML, Konings H, Ports TL Variation in 
Growth Rate and Productivity of Higher Plant SPB Academic 
Publishing, The Hague, pp 45-68 
Radin JW, Parker LL, Guinn G (1982) Water relations of cotton 
plants under nitrogen deficiency. V. Environmental control of 
abscisic acid accumulation and stomatal sensitivity to abscisic 
acid. Plant Phys 70:1066-1070 
Sievering H, Burton D, Caine N (1992) Atmospheric loading to 
Rocky Mountain alpine tundra and a subalpine coniferous 
forest. Glob Biogeochem Cycles 6:339-345 
Vitousek PM (1982) Nutrient cycling and nutrient use efficiency. 
Am Nat 119:553-572 
Walker DW, Webber PJ, Arnold EH, May DE (1994) Effects of 
interannual climate variation on aboveground phytomass in 
alpine vegetation. Ecology (in press) 
